Plant-sourced carbon has a valuable impact on zero carbon footprint materials for automotive, aerospace, water filtration and other applications. A new lignin, poly-(caffeyl alcohol) (PCFA, also known as Clignin), has recently been discovered in the seeds of the vanilla orchid (Vanilla planifolia). In contrast to all known lignins which are comprised of polyaromatic networks, the PCFA lignin is a linear polymer derived almost totally from caffeyl alcohol monomers linked head to tail into benzodioxane chains via the 'endwise' radical coupling reactions that typify lignification. In this paper we investigate carbon fiber formed from this linear C-lignin and compare it to a Kraft lignin. The PCFA was extracted and electrospun into fibers without additional modification or blending of polymers. Nanoindentation shows an increase in transverse and axial modulus for PCFA carbon by around 250% and 25% respectively as compared to Kraft lignin carbon. Raman spectroscopy results indicate higher graphitic structure for PCFA carbon than that from Kraft lignin, as seen from G/D ratios of 1.92 vs 1.15 which was supported by XPS and TEM results. Size exclusion chromatography indicates a polydispersity index (PDI) for PCFA of 1.6 as compared to 2.6 for Kraft lignin and Zeta potential measurements show higher ionic conductivity for Kraft lignin as compared to PCFA reflecting higher impurities. The results indicate a new bio-source for carbon fibers based on this newly identified linear lignin.
Introduction
Carbon fibers are a high volume, high performance product in applications ranging from carbon fiber reinforced epoxy for aerospace [1] and marine applications [2] , electromagnetic interference shielding [3] , biomedical applications for regenerative medicine and cancer treatment [4] , energy storage devices [5] and water filtration [6] . A major application of carbon fibers is in composites where enhanced strength to weight ratio is obtained over fiberglass reinforced composites. Currently carbon fiber is manufactured predominantly from polyacrylonitrile (PAN) with a small fraction originating in pitch. PAN-based carbon fiber uses the acrylonitrile monomer which has a high cost. Pitch raw materials are cheaper but the processing involves cleanup leading to high final cost. Pitch from petroleum is preferred over coal pitch from the perspective of raw material clean up, but vacuum cleaning is required to remove volatile matter [7] . To form carbon fibers, wetting of PAN prior to carbonization is employed. Typical carbon yields for PAN-based and pitch-based carbon fibers are about 50e60% and 70e80% respectively [8] . A pre-oxidation step to carbonization has been shown to result in higher carbon yield [9] . Additional graphitization with argon has increased the carbon yield to 80% for PAN fibers [10] . Synthetic polymers such as polyacetylene [11] , polyethylene [12] , and polybenzoxazole [13] have also been investigated as a potential route for obtaining carbon but the performance of the final products has been found to be inferior to PAN. The high temperature of the PAN process contributes to a larger energy footprint and consequent impact on materials formed from them for carbon footprint calculations. Because of such concerns, the development of a source of carbon fiber based on plant materials is being strongly promoted [14] . Compared to PAN and pitch precursors, lignin is cost effective and has an aromatic structure that is carbon rich for higher carbon yield [15] . There is therefore considerable interest in determining whether lignin can be developed as a cost-effective feedstock for carbon-based applications, potentially as a byproduct of the processing of lignocellulosic liquid biofuels [16] .
Among plant resources, lignocellulose is a dominant constituent of plant dry matter, consisting of a complex of cellulose and hemicellulose embedded in lignin. Lignin is the second most abundant natural polymer on earth, produced by oxidative polymerization of p-hydroxycinnamyl alcohols (monolignols). Lignins are primarily found in plant secondary cell walls, and are particularly abundant in vascular tissues. The presence of this lignin reduces forage digestibility and hinders agro-industrial processes for generating pulp or biofuels from lignocellulosic plant biomass. There has therefore been considerable attention given to reducing lignin content in plant feedstocks and developing value added products from the lignin itself [17e20] .
Lignin consists of a random polyaromatic network of linked phenylpropanoid units along with various functional groups [21] . Lignins are broadly divided into three categories: softwood (gymnosperm), hardwood (angiosperm) and grass or annual plant (graminaceous) lignin [22] . These different classes of lignin are mainly derived from the copolymerization of three p-hydroxycinnamyl alcohol monomers known as monolignols. The primary monolignols (monomers) are p-coumaryl, coniferyl and sinapyl alcohols [23] . From Fig. 1A it can be seen that these monolignols differ from each other due to the methoxyl groups attached to the 3 and 5 positions of the aromatic ring.
These monomers give rise to subunits which couple in different percentages to form different classes of lignin. P-coumaryl alcohol gives rise to a p-hydroxyphenyl (H) subunit, coniferyl alcohol gives a guaiacyl (G) subunit and sinapyl alcohol gives a syringyl (S) subunit (Fig. 1A) .
Softwood lignins are mainly derived from the guaiacyl (G) subunit, having low levels of the p-hydroxyphenyl (H) and syringyl (S) subunit. Hardwood lignin consists mainly of both (G) and (S) with low level of (H) subunit. On the contrary grass lignin consists of a higher quantity of (H) subunit as compared to (G) and (S) subunits [24] . The random combination of these subunits gives rise to high variability in chain sequences and conformation. However there are characteristic linkages which are found in different percentages due to the combination of these subunits. Fig. 1B shows the chemical structures of these linkages. There are typically four types of functional groups, phenolic hydroxyl, aliphatic hydroxyl, methoxyl and carbonyl groups, in lignin.. and Table 1 lists the percentage of these linkages in softwood and hardwood lignins [25] . The topology of grass lignin has not been extensively clarified [26] .
Recently Chen et al.
[27e29] discovered that seed coats of a variety of plant species contain a previously unsuspected class of lignin-like molecule made entirely from caffeyl alcohol units (essentially G units lacking the methyl group on the 3-oxygen) which are not found in softwood, hardwood or grass lignin. This is termed C-lignin or poly-(caffeyl alcohol) (PCFA). Fig. 1A shows the chemical structure of the caffeyl alcohol monomer and its corresponding C subunit. Analysis of the lignin monomer composition of the seed coat of Vanilla planifolia and the Brazilian cactus Melocactus salvadorensis by thioacidolysis indicates that the lignin is derived almost totally from caffeyl alcohol monomers; these are linked head to tail into benzodioxane chains via the 'endwise' radical coupling reactions that typify lignification. Interestingly the b-aryl ether units, which are the dominant linkage units found in both hardwood and softwood lignins derived from coniferyl and sinapyl alcohols, were absent, whereas benzodioxanes were the dominant lignin units accounting for over 98% of the identifiable dimeric units in the polymer. Fig. 1B shows the resulting repeated benzodioxane unit.
To isolate lignin from the biomass there are number of industrial and experimental methods that are being employed. The main purpose of these pulping methods is to minimize the degradation of the carbohydrate component. These chemical pulping processes can be classified into alkaline, acidic or neutral. Some of these processes include Kraft, soda, acid sulfite and organosolv pulping each of which results in different structural modifications and degradation.
Kraft lignin, extracted from hardwoods, has been extensively studied as a feedstock for bioresourced synthetic products. It is a high volume waste obtained as a by-product from the pulp and paper industry [30] . To facilitate the melting of the lignin, organic solvent based extraction, chemical treatment or melt blending are employed [31] . The value of lignin as a source for carbon fibers obtained from melt and dry spinning of hardwood Kraft lignin (HKL), softwood Kraft lignin (SKL) and alkali softwood Kraft lignin was first shown by Otani et al. [32] . Sudo used hydrogenation with NaOH using Raney-Ni [33], followed by steam explosion to isolate the lignin and then modification to lower its softening point, thereby facilitating melt spinning of the fibers. However, this method was expensive and a cheaper alternative was attempted using creosote for phenolysis [34] . Although phenolysis improved 
